116 words) Alternative splicing promotes proteomic diversity important for cellular differentiation and cell fate determination. Here, we show that deletion of the highly conserved Rbfox1 and Rbfox2 alternative splicing regulators in adult mouse skeletal muscle causes rapid, severe loss of muscle mass. Homeostasis of skeletal muscle tissue requires a dynamic balance between protein synthesis and degradation (proteostasis) but the mechanisms that regulate this balance are not well understood. Rbfox deletion did not cause reduced global protein synthesis, but resulted in reduced autophagy flux and altered splicing of hundreds of transcripts including Capn3, which produced an active form of calpain3 protease. The results indicate Rbfox proteins regulate proteostasis in skeletal muscle tissue by control of calpain and autophagy-lysosome pathways. Highlights • Proteostasis in adult skeletal muscle is post-transcriptionally regulated, in part by alternative splicing via Rbfox1/2 • Rbfox1/2 regulate hundreds of targets in skeletal muscle, including Calpn3, to maintain muscle mass in adult mice
INTRODUCTION
Although much research in the muscle field has been devoted to understanding myogenesis, muscle regeneration and myofiber function (Bassel-Duby and Olson, 2006; Comai and Tajbakhsh, 2014; Potthoff and Olson, 2007; Schiaffino et al., 2013; Yin et al., 2013) , there has been growing recognition of the importance of maintenance of muscle mass in adulthood.
Skeletal muscle plays a crucial role in metabolism (James et al., 2017; Rai and Demontis, 2016) and directly influences quality of life in aging and in chronic disease (McLeod et al., 2016) .
Muscles also face special challenges: they must be able to generate considerable force on demand and are continually exposed to mechanical, temperature, and oxidative stresses.
Maintaining homeostasis under such diverse conditions requires tight regulation of protein synthesis and turnover (Bell et al., 2016b) ; failure of proteostasis occurs in many muscle diseases (Lecker et al., 2006; Nishino et al., 2000; Richard et al., 1995; Sandri et al., 2013) , as well as the more general conditions of sarcopenia and cachexia (Bowen et al., 2015) . Despite the common occurrence of these latter conditions, however, we still do not fully understand the mechanisms that are critical for the maintenance of adult muscle mass.
We hypothesized that alternative splicing might perform such a function. Alternative splicing generates multiple protein isoforms from a single gene, thereby expanding the functional repertoire of proteins far beyond what could be expected from the relatively modest size of the genome (Kalsotra and Cooper, 2011; Wang et al., 2008; Yang et al., 2016) . The resulting protein diversity is thought to be particularly important in tissues that must respond to highly variable conditions, such as the brain, heart, and skeletal muscle (Kalsotra and Cooper, 2011; Raj and Blencowe, 2015) . Indeed, skeletal muscle has particularly high levels of alternative splicing. We and others have shown that the splicing factors Rbfox1 and Rbfox2, which are highly conserved from C. elegans to humans (Gallagher et al., 2011; Jin et al., 2003; Kuroyanagi et al., 2007; Venables et al., 2012) , are required for muscle differentiation and function (Pedrotti et al., 2015; Runfola et al., 2015; Singh et al., 2014) , but Rbfox factors have never been studied specifically in adult animals.
In this study, we induced skeletal muscle-specific knockout of both Rbfox1 and Rbfox2 in adult mice (seven weeks of age or older). Our double knockout mice suffered a rapid, severe loss of skeletal muscle mass (30-50% within four weeks). RNA sequencing of control and double knockout (DKO) skeletal muscles, two weeks after knockout induction, revealed that hundreds of transcripts were altered in expression and splicing. This loss of mass was attributable to an increase in proteolysis rather than a reduction in protein synthesis.
RESULTS

Deletion of Rbfox1 and Rbfox2 in adult mice causes rapid, severe muscle loss
To determine the role of Rbfox splicing factors in mature adult myofibers, we induced knockout of Rbfox1, Rbfox2, or both in seven-week-old mice using a tetracycline-inducible and skeletal muscle-specific Cre line (Rao and Monks, 2009 ). To quantify the knockout efficiency of Rbfox1 and/or Rbfox2, we performed western blot analysis using tibialis anterior (TA) muscle protein extracts from control (Rbfox1 f/f, Rbfox2 f/f), Rbfox1 knockout (Rbfox1 f/f : ACTA1-rtTA cre/+ ), Rbfox2 knockout (Rbfox2 f/f : ACTA1-rtTA cre/+ ), and double knockout (Rbfox1 f/f :
Rbfox2 f/f ACTA1-rtTA cre/+ ) animals ( Fig. 1A) . Rbfox1-only knockout led to a two-fold upregulation of Rbfox2 protein in muscle, whereas Rbfox1 protein level did not increase significantly in Rbfox2-only knockout muscle. We also tested the effects of Rbfox1 and/or Rbfox2 deletions on alternative splicing of Bin1 exon 10, which we identified previously as an Rbfox target in a myoblast culture cell line (Singh et al., 2014) . Single knockout of either Rbfox1 or Rbfox2 diminished the inclusion of Bin1 exon 10 by <5%, but Rbfox DKO reduced inclusion of this exon by >65% (Fig. 1A, bottom panel) . These observations indicate that Rbfox1 and Rbfox2 paralogs compensate for one another's loss of function and regulate overlapping splicing events, so the experiments described here were conducted primarily with the DKO animals.
Rbfox DKO animals displayed a marked loss of muscle mass and total body weight, compared to age-and sex-matched control animals, within four weeks of knockout induction ( Fig. 1B and S1A) . Tibia length was the same between aged-matched control and DKO animals ( Fig. 1C) , but there were significant reductions in the weight of five predominantly fast-twitch skeletal muscles-quadriceps, gastrocnemius, tibialis anterior (TA), extensor digitorum longus (EDL), and triceps-in both male and female mice (Figs. 1C and S1A). The weight of the soleus, which contains approximately 40% type I or slow-twitch fibers, did not decrease in mice of either sex (Fig. S1A) , most likely because the knockout of Rbfox2 in the soleus was not as efficient as in fast-twitch muscle (data not shown). Consistent with the muscle-specificity of the Cre recombinase (Rao and Monks, 2009 ), we did not observe a change in heart or liver weights 5 (Figs. 1C and S1A). Single knockout of Rbfox1 or Rbfox2 did not reduce skeletal muscle weight ( Fig. S1B) .
Because ACTA1-rtTA Cre recombinase expression is slightly leaky in the absence of doxycycline (dox) (Rao and Monks, 2009 ), we measured the weight of the gastrocnemius muscle several times between starting the dox-containing diet at the age of seven weeks until 21 days later. The DKO gastrocnemius muscle initially weighed 15% less in DKO mice than in uninduced animals, but by 21 days the DKO gastrocnemius weight was 41% less than that of control animals ( Fig. S1C) . Based on these results, we conclude that Rbfox splicing factors are required to maintain skeletal muscle mass in adult animals.
Histological analysis of Rbfox DKO quadriceps cross-sections showed non-uniform and dramatically reduced fiber size in DKO mice compared to controls ( Fig. 1D) . We observed that few myonuclei were centrally located which suggest that minimal degeneration-regeneration had occurred. We also did not observe infiltration of inflammatory cells in DKO muscles. The total number of muscle fibers in the mid-belly cross-sections of EDL muscles did not differ between DKO and control mice ( Fig. 1E) . We conclude that reduction in fiber size is the main reason for loss of muscle mass after Rbfox DKO.
Despite the overall similarity of muscle loss in the male and female mice, there was one notable difference between the sexes: 80% of the male Rbfox DKO animals died as early as three weeks after knockout induction, but none of the control or DKO female animals died during the course of our experiments ( Fig. 1F) .
Deletion of Rbfox1 and Rbfox2 causes loss of muscle strength but not endurance
To evaluate muscle function we measured the forelimb and all-limb grip strength in DKO male and female animals 2 to 8 weeks after starting the dox-containing diet. (The premature death of the males prevented us from studying them at a later time point.) Both sexes showed significant reduction in forelimb and all-limb grip strength compared to age-and sex-matched control animals ( Fig. 2A) . We also found a significant reduction in upside-down hanging time in both male and female DKO animals. Performance on a treadmill assay revealed no significant difference in endurance between control, DKO male and DKO female mice ( Fig. 2A) . We also measured the total activity of male and female mice in the vertical (rearing) and horizontal (ambulation and fidgeting) planes. Male DKO mice displayed significantly less rearing than 6 control mice ( Figs. S2A,B) , whereas female DKO mice displayed significantly greater horizontal plane activity and a trend for increased rearing compared to control females (Figs. S2A,B) . The activity differences between control and DKO animals in both sexes were predominantly due to movement in the active period (12 hrs, night) ( Figs. S2A,B) .
Double knockout adult mice expend more energy
To understand how the loss in muscle mass affects energy metabolism, we performed indirect calorimetry in age-matched control and DKO male and female animals starting 10 days after knockout induction. We found no significant differences in 24-hr, weight-adjusted food intake between control and DKO animals, although females ate more than males ( Fig. 2B) . Both male and female DKO animals, however, expended more energy than age-matched control animals ( Fig. 2C) ; this difference was attributable to differences in resting metabolic rate, and therefore was evident both in periods of rest (12 hrs, day) and activity (12hrs, night) ( Fig. S2C) .
Since skeletal muscle is a primary organ for maintaining glucose homeostasis, we performed glucose tolerance tests to determine the effect of Rbfox DKO on glucose metabolism in age-matched control and DKO animals two weeks after knockout induction. Before glucose injection, male but not female DKO mice had lower levels of serum glucose relative to control animals. Even after glucose injection, glucose levels remained lower in DKO male animals but not in female animals ( Fig. 2D) . Serum insulin levels were nearly half that of controls in the DKO male animals while DKO females did not show a difference ( Fig. 2E) . These results indicate that glucose homeostasis is altered in male Rbfox DKO animals and that male DKO animals show a trend towards insulin hypersensitivity.
Deletion of Rbfox1 and Rbfox2 causes widespread transcriptome changes
To investigate the molecular mechanism by which Rbfox1/2 deletion produced these changes, we performed 100-bp paired-end RNA-sequencing (RNA-seq) using polyadenylated RNA from the EDL and soleus muscles from two male DKO mice, two weeks after knockout induction, and two age-matched male controls. For each sample we obtained over 170 million reads, 87% of which mapped to the genome (Table 1 in supplementary information). Mapped reads were used to quantify transcriptome changes including gene expression and alternative use of first, last, and internal exons. Gene expression changes for biological replicates correlated very highly (R 2 = 0.99) demonstrating the reproducibility of RNA-seq and computational analysis of the data (Fig. S3A) . In the DKO EDL, which showed significant loss of muscle mass, 832 genes were differentially expressed (FDR <0.05) with 495 genes (~60%) showing upregulation and 337 genes (~40%) showing downregulation when compared to control animals ( Fig. 3A and Table S1 ). In the DKO soleus, which did not show significant changes in mass in males or females, 206 genes were differently expressed (FDR <0.05), with 132 genes showing upregulation and 74 genes showing downregulation relative to their levels in control animals ( Fig. 3A and Table S1 ).
When we examined alternative splicing, we found that 743 genes showed different usage of exons between control and Rbfox DKO EDL muscle with a Percent Spliced In (PSI) cutoff of ≥ 20% ( Fig. 3B and Table S2 ) (Wang et al., 2008) . There is little overlap, of only 68 genes, between genes that change in overall mRNA levels (832 genes) and those that show differential usage of alternative exons (743 genes) ( Fig. 3B) . Similarly, of the 389 genes that show alternative use of exons, only 9 differed in overall expression (FDR <0.05) between DKO and control soleus muscle ( Fig. S3B and Table S2 ). The majority of alternative exons altered by Rbfox DKO are cassette-type in both EDL (460 exons) and soleus (146 exons) (Figs. 3C and S3C). RT-PCR analysis of splicing for 49 alternative exons found a strong correlation (R 2 = 0.92) between Δ PSI from RT-PCR and computed from the RNA-seq data ( Fig. 3D) .
We used the DAVID functional annotation tool to identify biological processes that are enriched among these groups of genes (Huang da et al., 2009) . Functions that are enriched among those genes that are downregulated include oxidation-reduction, calcium handling, and cell signaling ( Fig. S3D ). Enriched functions among upregulated genes include muscle differentiation and development, muscle contraction, cell adhesion, and transcription regulation ( Fig. S3E) . Enriched categories among genes showing altered splicing include cell-cell adhesion, cytoskeleton organization, chromatin modification, and regulation of protein metabolism including translation, transport, localization, and phosphorylation ( Fig. 3E) .
We used a web-based tool, oPOSSUM-3, to identify over-represented clustering of Transcription Factor Binding Sites (TFBS) within 5000 bases upstream and downstream of genes that show altered expression in Rbfox DKO muscle (Kwon et al., 2012) . In upregulated genes, TFBS clustering analysis showed enrichment for the MADS family of transcription factors (Fig.   3F ). TFBS analysis identified 441 MADS binding sites clustered in the promoter regions of 206 genes that are upregulated, but only 19 binding sites in 17 genes that are downregulated in Rbfox DKO muscle; this suggests that alterations in the MADS transcriptional program leads to upregulation of its targets (Table S3 ).
It is worth noting that the MADS family includes the Mef2 transcription factors. We and others have shown that Mef2a and Mef2d splicing is coordinately and directly regulated by Rbfox proteins during myogenesis in culture (Runfola et al., 2015; Singh et al., 2014) ; we have also previously shown that the Mef2d splice variant expressed in adult skeletal muscle is required for late stages of muscle differentiation (Singh et al., 2014) . Here we found that Rbfox (Sebastian et al., 2013) .
Altered proteostasis in Rbfox DKO muscle
Skeletal muscle mass is determined by the balance between rates of protein synthesis and protein degradation. The rate of protein synthesis in skeletal muscle is regulated by growth factor, amino acid, and insulin signaling pathways ( Fig. 4A) . We measured the rate of protein synthesis in control and Rbfox DKO TA muscles two weeks after knockout induction using puromycin in the SUnSET assay (Goodman and Hornberger, 2013; Schmidt et al., 2009 ). There was no reduction of puromycin-labeled peptides in DKO muscle compared to controls ( Fig. 4B) ,
indicating that the loss of muscle in Rbfox DKO skeletal muscle was not due to a reduction in protein synthesis. We therefore turned our attention to proteolytic mechanisms of muscle loss.
Protein degradation is tightly regulated by three major proteolytic systems: 1) Calpain-Calpastatin, 2) lysosome-autophagy, and 3) ubiquitin-proteasome ( Fig. 4A) . We focused our analysis on alternatively spliced genes involved in the three major protein degradation systems.
We prioritized targets based on the extent of splicing changes in DKO based on RNA-seq data and their binding to Rbfox in muscle culture based on iCLIP data (Singh et al., 2014) . We found that two consecutive alternative exons (exons 15 and 16) in Capn 3 transcripts were almost completely skipped in Rbfox DKO muscle ( Fig. 4C) . Autolytic cleavage within the IS1 region enables proteolytic Capn3 activity, and cleavage within the IS2 region of Capn3 is required for complete degradation and inactivation of Capn3 ( Fig. S4A) (Ono et al., 2014) . Skipping of exons 9 15 and 16 in Rbfox DKO muscle likely produces a Capn3 isoform that lacks the cleavage site within the IS2 region, thereby stabilizing active Capn3 causing it to accumulate. We hypothesized that this contributes to severe muscle loss by tilting the protein balance towards protein degradation.
To determine whether the timing of Rbfox loss correlated with altered splicing of Capn3 and initiation of muscle loss, we performed western blots for Rbfox1 and Rbfox2 and RT-PCR for splicing of Capn3 exons 15 and 16 using primers complementary to exons 13 and 17 in uninduced and DKO muscles at 3, 7, 14, and 21 days after starting the dox diet. Rbfox1 and Rbfox2 knockout was efficient 3 days after starting the dox diet, which correlates with increasing expression of Capn3 transcripts lacking exons 15 and 16 ( Fig. 4D ). By 7 days post-induction, the majority of the mRNA expressed from the Capn3 gene lacks both exons. We performed western blots for Capn3 using two antibodies, one recognizing an epitope in the first 80 amino acids (E-6, Santa Cruz) and the other (12A2, Leica) recognizing an epitope within residues 355-370 ( Fig.   S4A ). Both antibodies recognize the full-length protein and 12A2 also detects the enzymatically active (autolysed) C-terminal fragment of Capn3 (Charton et al., 2016; Fanin et al., 2003; Richard et al., 1995) . Both antibodies recognized a band corresponding to full-length protein at 94 kDa in control animals and a slightly smaller band predominating following Rbfox DKO, likely encoded by the mRNA lacking exons 15 and 16 ( Fig. 4D) . Importantly, both the fulllength isoform and the active autolysed C-terminal fragments (55 and 60 kDa) detected by 12A2 accumulated after induction of the DKO, correlating with the timing of rapid muscle loss. These results indicate that loss of Rbfox proteins caused altered splicing and production of smaller isoforms of Capn3, which is autolytically cleaved, proteolytically active, and stably expressed in DKO muscles.
We next determined whether Capn3 substrates are degraded in Rbfox DKO muscle.
Several studies have used calpastatin as a Capn3 substrate (Ono et al., 2004; Ono et al., 2014) .
Calpastatin is also an endogenous inhibitor of Capn1 and Capn2; we predict that reduced calpastatin levels in Rbfox DKO would lead to increased Capn1 and Capn2 activity. By western blotting, we found that calpastatin is stably expressed in control muscles, but it was reduced in DKO muscles within 3 days after starting the dox diet ( Fig. 4D) . Alpha-spectrin is another substrate for Capn3 (and possibly Capn1 or Capn2) (Huang and Forsberg, 1998; Nakajima et al., 2006; Takamure et al., 2005; Zhang and Bhavnani, 2006) , and western blotting showed a 1 0 prominent band at the expected size for alpha-spectrin in control muscles, but an increasing proportion of several smaller fragments appeared in DKO muscles after starting mice on the dox diet ( Fig. 4D) . These results support the hypothesis that increased calpain activity in Rbfox DKO muscle causes degradation of calpastatin and alpha-spectrin, and likely other calpain substrates, which in turn contributes to loss of muscle mass.
Several cases of muscle atrophy have been associated with upregulation of E3 ubiquitin ligases such Fbxo32 (atrogin-1) and Trim63 (MuRF1), which target sarcomeric components for degradation (Bodine and Baehr, 2014; Bodine et al., 2001) . We performed western blotting for Murf-1, Trim 55 (MuRF-2), Trim 54 (MuRF-3), and Atrogin-1, and found that Murf-1, Murf-3, and Atrogin-1 are expressed at similar levels in control mice and DKO mice after induction ( Fig.   S4B ). Murf-2 levels decreased slightly in the DKO but overall we did not observe any increase in E3 ubiquitin ligases that are known to be upregulated in several muscle atrophy conditions.
To assess the contribution of autophagy to muscle loss in Rbfox DKO muscle, we performed western blotting of several proteins in control and DKO animals at different timepoints after DKO induction. In lysosome-autophagy proteolytic pathways, the autophagosome must fuse with the lysosome for substrate degradation to occur. Autophagosome formation requires the activity of the microtubule-associated protein 1A/1B-light chain 3 beta (LC3B), which is first proteolytically cleaved to form LC3B-1. LC3B-I is then converted to LC3B-II by lipidation, which is present in the autophagosome membrane. Thus, different LC3B isoforms are used as markers of autophagic activity (Mizushima et al., 2010) . We also quantified levels of Sequestrome1 (Sqstm1 or p62), a ubiquitin-binding protein and adaptor molecule that binds and sequesters substrates into autophagosomes (Mizushima et al., 2010) . Compared to control muscle, we found a trend for accumulation of p62 and LC3B in DKO muscle over time (Fig. 4E) .
To characterize the lysosome-autophagy flux in vivo in Rbfox DKO muscles, we injected mice with colchicine, a drug that depolymerizes microtubules and impairs autophagy by inhibiting autophagosome-lysosome fusion (Ju et al., 2010) . Mice were injected with colchicine or vehicle (water) for two consecutive days at day 4-5(early) or day 12-13(late) time-points after DKO induction and the tibialis anterior was harvested 48 hours after first injection, at day 6 and day 14, respectively. At the early time-point, there was no difference in the levels of p62 or LC3B-II between water-injected control and Rbfox DKO mice. Compared to water-injected mice, colchicine-injected mice without Rbfox KO showed the predicted accumulation of LC3B-II and 1 1 p62 at early time-point ( Fig. 5 A-B) . In contrast, colchicine injected Rbfox DKO mice failed to produce an increase in p62 or LC3B-II ( Fig. 5 A-B) , indicating an early Rbfox-dependent reduction in autophagy flux.
This early reduction in autophagy flux is expected to increase the accumulation of p62 and LC3B-II over time, and consistently, we observed substantially increased p62 and LC3B-II levels in water-injected DKO mice in comparison to control mice, two weeks after induction of KO. Compared to water-injected mice, colchicine-injected mice without Rbfox KO showed the predicted accumulation of LC3B-II and p62 at late time-point ( Fig. 5 C-D) . Whereas in DKO mice, already high levels of LC3B-II and p62 did not increase further after colchicine injection ( Fig. 5 C-D) , confirming that early Rbfox-dependent reduction in autophagy flux is maintained at later time-point. These results indicate that there is a marked reduction in autophagy flux in Rbfox DKO as early as day 4-6 after KO induction and which persists at later times.
From these experiments, we conclude that knockout of Rbfox proteins in skeletal muscle leads to increased calpain activity and impaired autophagic flux, thereby altering two key proteolytic systems in skeletal muscle. Such a dramatic imbalance of protein synthesis and degradation will result in the net loss of protein and promote atrophy.
DISCUSSION
We have found that concurrent deletion of Rbfox1 and Rbfox2 in adult mouse skeletal muscle causes the dramatic and rapid loss of muscle mass. This response directly correlated with impaired autophagy flux and the formation of alternative isoforms of calpain3 that are not degraded rapidly, leading to the accumulation of calpain3. Within four weeks of inducing the DKO, both male and female mice lost nearly half the muscle mass in the five fast-twitch muscles we measured. We also observed a significant decrease in whole-body lean mass (data not shown) after DKO induction indicating ubiquitous loss of muscle mass in both male and female Rbfox DKO mice. Despite the comparable muscle loss, however, only male mice had a shortened lifespan. The cause of this premature lethality is unclear, but we found alterations in glucose metabolism, trending towards insulin hypersensitivity, only in male animals. Interestingly, deletion of the estrogen receptor alpha (ERα) specifically in skeletal muscle of female mice causes alteration in glucose homeostasis, increased fat accumulation, and impaired mitochondrial 1 2 function (Ribas et al., 2016) , so it may be that estrogen protects the female mice from death despite dramatic loss of muscle mass after induction of Rbfox knockout.
Inhibition of lysosome-autophagy causes loss of muscle mass in humans and mice, emphasizing the importance of autophagy in muscle growth, remodeling, and maintenance. Lossof-function mutations in lysosome-associated membrane protein 2 (LAMP-2), a protein important for fusion of autophagosome with lysosome, underlie Danon disease, in which patients present with skeletal muscle weakness, intellectual disability, and accumulation of vacuoles with autophagic material in the heart and skeletal muscle (Bell et al., 2016a; Masiero and Sandri, 2010; Raben et al., 2008; Tanaka et al., 2000) . Deletion of Autophagy-related protein 7 (ATG7), a protein required for autophagosome formation, in skeletal muscle causes loss of muscle mass in mice (Masiero et al., 2009 ). These mice show increased expression of atrogin-1 and Murf1, and loss of muscle mass, which is caused in part by compensatory upregulation of ubiquitinproteasome proteolytic activity. We found that in Rbfox DKO caused a rapid reduction in autophagy flux and led to greater accumulation of p62 and LC3b-II in DKO muscles over time (Fig 5A-D) . The reduction in autophagy flux in combination with increased calpain activity is expected to increase the demand for proteolytic activity. We propose this compensatory increase in proteolytic activity also contributes to the loss of muscle mass in Rbfox DKO animals.
An isoform of Capn3 lacking IS1 or IS2 is proposed to be dominantly active with catastrophic effects (Beckmann and Spencer, 2008; Spencer et al., 2002) . Consistent with this notion, muscle-specific overexpression of full-length Capn3 at high (over 25x wild-type) levels yields no observable phenotype, but overexpression of Capn3 lacking exon 6, which encodes most of the IS1 region, produces a severe phenotype that includes reduced muscle mass, smaller muscle fibers, kyphosis, and early death. The authors concluded that the phenotype is due to altered activity of Capn3 during the postnatal development (Kramerova et al., 2004; Spencer et al., 2002) . Overexpression of a Capn3 cDNA lacking exon 15, which only lacks 6 amino acids in the IS2 region, leads to a subtle phenotype in the soleus, apparently without affecting other muscles, and Capn3 protease activity towards casein was much higher for muscle expressing the isoform lacking exon 15 compared to wild-type Capn3 or a Capn3 isoform lacking the full IS1 domain due to missing exon 6 (Spencer et al., 2002) . In our study, we induced Rbfox DKO in animals older than 7 weeks so that we would not affect the normal postnatal function of Capn3.
Rbfox knockout switched the expression of full-length Capn3 to an isoform lacking both exon 15 1 3 and 16 (114 nucleotides) that encodes the majority (44 of 71 amino acids) of the IS2 region, which is required for complete degradation of Capn3 (Fig. S4) . The smaller Capn3 isoform is autolytically processed to generate a catalytically active form of Capn3, and we propose that stable expression of the shorter, active form of Capn3 contributes to muscle loss in Rbfox DKO mice.
Calpains are nonprocessive proteases that cleave substrates at specific sites (Ono and Sorimachi, 2012) . It has been predicted that over 1000 proteins are calpain targets, yet fewer than 100 substrates have mapped calpain cleavage sites because calpain cleaved fragments are shortlived (Ono and Sorimachi, 2012; Piatkov et al., 2014) . Despite the critical role Capn3 plays in skeletal muscle biology, it is not clear which proteins are in vivo substrates for Capn3: the majority of its substrates have been identified through biochemical or cell culture studies (Huang and Forsberg, 1998; Nakajima et al., 2006; Ono et al., 2004; Ono et al., 2014; Takamure et al., 2005; Taveau et al., 2003; Zhang and Bhavnani, 2006) . We found that levels of two of the previously identified substrates, calpastatin and alpha-spectrin, are reduced within 7 days after induction of Rbfox knockout. Reduced calpastatin protein level would imply less inhibition of Capn1 and 2, strongly supporting a hypothesis that Capn3 is the master regulator of the calpaincalpastatin system in skeletal muscle (Ono et al., 2004) . It is interesting that increased levels of Calpn3 lacking exons 15 and 16 are as detrimental to myofibers as loss of function mutations in Capn3, which are the most common cause of Limb Girdle Muscular Dystrophy Type 2A (LGMD2A), a childhood-onset, progressive disease. The dramatic skeletal muscle phenotype in the Rbfox DKO mouse provides clear evidence not only of the importance of alternative splicing for maintenance of adult muscle mass, but also of the sensitivity of muscle to alterations in proteostasis as has been observed for the brain (Navone et al., 2015; Smith et al., 2015; Sulistio and Heese, 2016) .
STAR Methods
Mice
The Institutional Animal Care and Use Committee at Baylor College of Medicine approved all animal procedures. All mouse lines in this study were obtained from Jackson Laboratories and in C57BL/6J genetic background (Bar Harbor, ME). Previously described floxed Rbfox lines were mated with a muscle-specific, doxycycline inducible Cre line to 1 4 generate single Rbfox1 (Rbfox1 f/f : ACTA1-rtTA cre/+ ) or Rbfox2 (Rbfox2 f/f : ACTA1-rtTA cre/+ ) and
double Rbfox (Rbfox1 f/f : Rbfox2 f/f : ACTA1-rtTA cre/+ ) knockout (Gehman et al., 2012; Gehman et al., 2011; Pedrotti et al., 2015; Rao and Monks, 2009 ). For inducing the knockout, 7-weeks or older control (floxed mice) and littermate single and/or double knockout mice were fed on doxycycline-containing diet (2 gm/kg, Bio-Serv, NJ) for one week and then transferred to normal chow (5V5R, LabDiet, MO). Mice were anesthetized with isoflurane and tissues were isolated, weighed, and snap frozen in liquid nitrogen for further analysis.
Mouse muscle strength and activity assays
Treadmill assays were performed on the Exer 3/6 six treadmill (Columbus Instruments, OH) at a starting speed of 6 meters/min for first two minutes (10 degree incline) increased 2 meters/min every two minutes until exhaustion. The speed and time were used to measure the total distance run by mice in each group. Grip strength was performed using a 1027SM grip strength meter with single sensor (Columbus Instruments, OH). Forelimb and all limb grip strength used 5 measurements of grams of force produced in the t-pk mode and average values were calculated. For the hang test, soft padding was added in cardboard box (14 in x14 in x14 in), a wire grid was placed on top of the box and the mouse was placed upside down; the time until the mouse could no longer hold onto the wire was recorded for each mouse.
Histological analyses
For histology of muscles, skin and facia was removed and whole limbs were fixed overnight in 10% buffered formalin. Muscles were isolated and processed for paraffin embedding, routine sectioning, hematoxylin and eosin staining.
Food Intake, Energy Expenditure, Activity
The Comprehensive Laboratory Animal Monitoring System (Columbus Instruments, OH) was used to measure food intake, activity, and energy expenditure. Mice were adapted to the cages at 9 days after starting the dox diet and various measurements were taken from day 13 to day 17 to quantify energy balance, food intake, and activity as previously described (Crossland et al., 2017) . 
Glucose Tolerance Test
The glucose tolerance test was performed by the Mouse Metabolism Core at Baylor College of Medicine. Two weeks after starting the dox diet, mice were starved for 6 hours, and then glucose (1.5 g/kg of body weight) was injected intraperitoneally. Blood was drawn at the indicated times after injection and glucose and insulin levels were measured as described before (Saha et al., 2010) .
RNA isolation, RNA-seq, and Analysis of RNA-seq data
RNA was isolated from mouse muscles using TRIzol reagent (Invitrogen) or RNeasy fibrous tissue mini-kit (Qiagen, Germantown, MD). We used RNA from two biological replicates from control and Rbfox DKO EDL and soleus muscle at 14 days after knockout induction. The poly(A) RNA were isolated for paired-end 100bp sequencing as previously described (Singh et al., 2014) . The analysis of the RNA-seq data was performed by AccuraScience LLC (Johnston, IA). RNA-seq reads were aligned to the genome using TopHat, Edge R was used for quantification of gene expression changes, MISO was used for quantification of alternative splicing changes, and Percent Spliced In (PSI) was calculated, as previously described (Katz et al., 2010; Robinson et al., 2010; Trapnell et al., 2010; Wang et al., 2008) . To validate RNA-seq alternative splicing data, we performed standard RT-PCR using primers that flank specific alternative exons and PCR products were separated on a 5% acrylamide gel. The gel was imaged and PSI was calculated as previously described (Singh et al., 2014) .
Western blotting
Frozen muscles were homogenized with Bullet Blender 24 (Next Advance, Averill Park, NY) using zirconium oxide beads in buffer containing 50 mM Tris-HCL, pH 7.5, 100mM NaCl, 10 mM EDTA, 10 mM EGTA, 10% glycerol, 1% NP40, 50 mM NaF, 10uM MG132, 1mM PMSF, 0.5% Sodium deoxycholate, 1% SDS, protease and phosphatase inhibitor (Roche Diagnostics, Indianapolis, IN). Relative protein amount was quantified using the Pierce BCA Protein Assay Kit and equivalent amount of proteins were loaded on SDS-PAGE gels. Separated proteins were transferred to PVDF membrane. Membranes were stained with Ponceau S to assess even transfer and subsequently probed with specific primary antibodies. Secondary antibodies 1 6 were conjugated to HRP and blots were imaged with ChemiDoc XRS+ (Bio-Rad, Hercules, CA) or standard autoradiography film. For quantification of western blot, images from ChemiDoc were exported for analysis and analyzed by Carestream software (Rochester, NY).
Detection of puromycin -labeled peptides
Rbfox knockout was induced in 7-week-old control and Rbfox DKO male animals, and 2-weekslater , mice were injected intraperitoneally (IP) with Puromycin (0.04 μ mol/g body weight) or water (Goodman and Hornberger, 2013; Schmidt et al., 2009) . TA muscle was harvested 45 minutes after injection for western blotting with anti-Puromycin [3RH11] antibody (Kerafast, MA). The same Western blots were stained with the Coomassie for normalization of Puromycin signal by total protein signal by densitometry.
Autophagy flux experiment
Autophagy flux was determined as described (Ju et al., 2010) . Mice were injected IP with 0.4 mg/kg of colchicine (Sigma, St. Louis, MO) for two consecutive days at 24-hour interval and sacrificed approximately 48 hours after the first injection. The relative levels of LC3B-II and p62 were quantified on western blots and normalized to Lamin B1.
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